Purpose: To establish if triple-phase arterial imaging improves the detection of arterial phase hyperintense lesions based on arterial phase capture, motion artifact degradation, and lesion enhancement when compared to single-phase imaging. Materials and methods: Patients at risk for hepatocellular carcinoma were imaged at 3.0T. Seventy-three consecutive patients with a standard single-phase MRI and eighty-five consecutive patients were imaged using extracellular contrast with triple arterial phase MRI using three sequential accelerated acquisitions of 8 s. Arterial phase capture and image quality were qualitatively categorized. Forty single-phase and forty-four triplephase studies contained arterially enhancing lesions > 1 cm with washout appearance. The contrastto-noise ratio (CNR) of the lesions was calculated. We compared the differences in means with Student t-tests and those in arterial phase capture with a Chi squared test with Yates correction. Results: The triple-phase acquisitions captured the early or late arterial phases more frequently than did the single-phase acquisition (99% vs 86%; P value = 0.006). Triple-phase also provided greater number of patients with early or late arterial phase imaging without motion artifact (92% vs 79%, P-value = 0.05). The lesion analysis revealed increased maximum CNR in the triple-phase imaging (704.4) vs. single-phase imaging (517.2), P-value < 0.001.
Hepatocellular carcinoma (HCC) is the fifth most common cancer [1] , and is the second leading cause of cancerrelated deaths [2] . According to the Liver Imaging Reporting and Data System (LI-RADS), arterial phase hyperenhancement is an important major criterion in the characterization of HCC [3] . Without arterial phase hyperenhancement, a lesion cannot be characterized as LI-RADS 5, which will affect a patient's candidacy for potential liver transplant by the Organ Procurement and Transplantation Network (OPTN) [4] . Therefore, it is pivotal to have an imaging technique, which will help recognize arterial phase hyperintense lesions, and enable us to provide optimal patient care to potential liver transplant candidates.
Magnetic resonance imaging (MRI) is demonstrated to be superior to computed tomography (CT) for detection of HCC [5] . Moreover, several studies have been conducted to capture the ideal arterial phase for lesion enhancement using multiphasic dynamic CT and MRI, and most demonstrated that the late arterial phase imaging exhibits higher sensitivity than the early arterial phase using multi-detector CT [6, 7] . Using fparallel imaging, multiphasic breath-hold MRI has also been evaluated and demonstrated that double arterial phase dynamic MRI demonstrated higher sensitivity than the single arterial phase [8] . Interpretation of these studies is difficult as the definition of arterial phase is based on a fixed time delay and not determined based on current definitions as provided by LI-RADS v2014.
There are two approaches to multiphasic arterial phase MRI. First is to have sequential shortened acquisitions (sequential) in which all k-space associated with each arterial phase is fully acquired separate from adjacent phases. The second approach is to share k-space across all the phases (e.g., view sharing), sampling the center of k-space for each phase and sharing the periphery of k-space across all phases. Using a sequential approach, a recent paper evaluated the utilization of single-breath-hold CAIPI-VIBE imaging with three arterial phases and demonstrated reduced motion artifact and provided improved image quality [9] . In this approach, VIBE (volume interpolated breath-hold exam), a 3D spoiled gradient echo, is accelerated using CAIPIRINHA (controlled aliasing in parallel imaging results in higher acceleration), which is a parallel imaging technique that skips lines of k-space along the diagonal, allowing for further acceleration with preserved image quality compared to conventional parallel imaging techniques. View-sharing approaches have also been evaluated for arterially enhancing lesions. For example, a high spatio-temporal resolution multi-phase acquisition (DIS-CO, or Differential Subsampling with Cartesian Ordering) demonstrated improved arterial phase capture and lesion enhancement [10] [11] [12] .
Due to frequent poor arterial phase capture and motion artifact that limits conventional single-phase arterial imaging, we decided to evaluate the utility of a sequential triple arterial phase acquisition for imaging of arterial phase hyperintense lesions in patients at risk for HCC. We compared these acquisitions to patients acquired with a single-phase acquisition, in terms of arterial phase capture, respiratory motion artifact, and lesion contrast-to-noise.
Materials and methods
The local institutional review board approved this retrospective study, and informed consent was waived. Seventy-three consecutive patients at risk for HCC were imaged with single arterial phase, and eighty-five with triple-phase technique between December 2013 and July 2014. All imagings were performed on a 3.0T MRI system (Skyra, Siemens Healthcare; Erlangen, Germany), using a 32-channel phased-array coil.
Arterial phase technique
A 1 mL test bolus was used as a timing bolus. In each patient, either 0.1 mmol/kg of gadobutrol (Gadavist, Bayer Healthcare; Wayne, NJ) or gadodiamide (Omniscan, GE Healthcare; Waukesha, WI) was injected at a rate of 2 mL per second. A 20-mL saline flush was used. The single arterial phase technique consisted of a 22 s 3D-spoiled gradient-echo sequence (VIBE, volume interpolated breath-hold examination), using the following parameters: 190 9 320 matrix, 450 kHz bandwidth, 9-degree flip angle, TR/TE 4.5/2.46, and 3.0 mm slice thickness. The single arterial phase acquisition was accelerated using GRAPPA.
The triple arterial phase imaging was performed using three sequential 8-s acquisitions in a single breath-hold [9] , using a two-dimensional parallel acceleration technique (CAIPIRINHA, controlled aliasing in parallel imaging results in higher acceleration), with the following parameters: 288 9 169 matrix, 450 kHz bandwidth, 9.0-degree flip angle, TR/TE 3.8/1.7, and 3.0 mm slice thickness.
Arterial phase capture
The arterial phase imaged in each acquisition was categorized into the following groups: angiographic phase refers to hepatic artery enhancement without any contrast seen in the portal venous system; early arterial is defined as hepatic artery enhancement and early filling of the portal venous system; late arterial refers to both hepatic artery and portal venous enhancements without any contrast seen in the hepatic veins; and lastly, portal venous phase is defined as the phase where the hepatic veins are initially opacified. The percentage of patients in which either an early or late arterial phases were seen was calculated for each group.
Respiratory motion analysis
Image quality for respiratory motion artifact was graded on a 4-point scale by a single reader (NI). (0: no artifacts, 1: minimal motion artifact does not limit the diagnostic quality, 2: some motion artifact may affect visualization of smaller lesions, but not that of the larger ones, and 3: non-diagnostic). The grading was characterized into two categories: minimal respiratory motion artifact (grades 0 and 1) and significant artifact (grades 2 and 3).
Lesion enhancement
Arterially enhancing lesions greater than 1 cm with washout appearance on the portal venous or delayed phases were included for lesion analysis. A maximum of three lesions per patient were assessed in order to prevent a clustering bias. The analysis was conducted using OsiriX software [13] . Circular regions of interests (ROIs) were placed over the arterially enhancing component of each lesion being careful not to include the non-enhancing regions of the lesions (N.I). ROIs with roughly 2 cm diameter were also placed over the closest adjacent hepatic parenchyma being careful not to include large vessels, and in background air. The ROIs were propagated between phases to remain consistent in size. However, in many cases the ROIs had to be repositioned to account for patient's motion among the phases. The ratio of the lesion intensity to adjacent parenchyma in the pre-contrast and in the single and triple-phase acquisitions was calculated using mean intensities within the ROIs. The contrast-to-noise ratio (CNR) was calculated for lesions noted in both single-and triple-phase imaging, where SI refers to signal intensity and SD refers to standard deviation [14] .
The maximum CNR of a lesion from the triple-phase acquisition was used for analysis. Additionally, the phase in which the lesion demonstrated the maximum CNR was then correlated with the arterial capture of the image.
Statistical analysis
A Chi squared test with Yates correction was used to compare the percentages of single-vs. triple-phase studies that contained either an early or arterial phase and to compare the number of phases in each group that had significant respiratory motion artifact. A Student ttest was used to compare means of lesion intensity between single-and triple-phase acquisitions and to compare differences in various contrast agents used. Excel 12.1.0 (Microsoft, Redmond, WA) was used for statistical analysis. A P-value of <0.05 was used to assess significance for all results.
Results

Arterial phase capture
The triple-phase acquisitions resulted in a higher rate of early or late arterial phase capture (Table 1) . 63/73 or 86% of patients imaged with single-phase acquisitions had an early or late arterial phase. 84/85 or 99% of patients imaged with multi-phase acquisitions had an early or late arterial phase (Figs. 1 and 2: P-value = 0.006 for comparing single-phase and multi-phase imaging for percent of patients with either early or lateral arterial phase acquisitions).
Respiratory motion analysis
The triple-phase acquisition provided a greater number of patients with early or late arterial phase without motion artifact (Table 2 and Fig. 3) . Of the 73 patients with single-phase imaging, 66/73 or 90% of patients were imaged with minimal motion artifact, in which 58/73 or 79% included either early or late arterial phase. Of the 85 patients with triple-phase imaging, 80/85 or 94% of patients with angiographic phase, 72/85 or 85% with early arterial, and 64/85 or 75% with late arterial were imaged with minimal motion artifact. 78/85 or 92% of patients with either early or late arterial phase acquisition have minimal motion artifact (P-value = 0.05).
Lesion enhancement
40 lesions using single-phase imaging and 43 lesions using triple-phase imaging were included for analysis. The average size of the lesions in the single-phase imaging is 2.3 cm with a standard deviation (SD) of 1.3 and that in the triple-phase imaging is 2.5 with an SD of 1.8. The maximum relative enhancement of the lesions when compared to the adjacent parenchyma was higher in lesions in multi-phase acquisitions than those in the single phase. The maximum CNR in the triple-phase imaging was 704.4 with an SD of 152.1 vs. that in the Fig. 1 . Percent of patients in single-and multi-phase acquisitions with each vascular phase. ''Overall'' refers to the percent of patients with either early or late arterial phase images in both groups; 86% of patients imaged with singlephase imaging and 99% of patients imaged with multi-phase imaging included both early and late arterial phases (P-value = 0.006).
single-phase imaging was 517.2 with an SD of 82.8 (P-value < 0.001). There were 3 lesions that demonstrated maximum CNR in the angiographic phase, 21 in the early arterial, 19 in the late arterial, and 1 in portal venous phase in triple-phase imaging (Fig. 4) . The CNR is not significantly different in early and late arterial phases (P-value = 0.95). There was no statistically significant difference in the degree of lesion enhancement with the two contrast agents, Gadavist and Omniscan, used for arterial phase imaging. In single-phase imaging, 7 patients were imaged with Gadavist and 33 with Omniscan. However, in triple-phase imaging, 18 patients were imaged with Gadavist and 25 with Omniscan. In single-phase imaging, the maximum relative enhancement of lesions with compared to the adjacent parenchyma while utilizing Gadavist was 55.7 with an SD of 22.7 and that while using Omniscan was 517.2 with an SD of 90.2 (P-value = 0.49). For triple-phase imaging, the maximum relative enhancement of lesions with compared to the adjacent parenchyma while utilizing Gadavist was 551.0 with an SD of 149.3 and that while using Omniscan was 704.4 with an SD of 156.4 (P-value = 0.62).
Discussion
This study demonstrates that the use of triple-phase imaging captured the early or late arterial phases more frequently while preserving image quality based on respiratory motion artifact than the single-phase imaging. Additionally, we demonstrated that maximum CNR was higher with the triple-phase technique compared to single-phase imaging. These results demonstrate that triplephase imaging provides improved imaging for arterially enhancing lesions of the liver.
It should be noted that much of the literature defines arterial phases based on fixed time delays after injection [15, 16] . Since different patients have different rates of enhancement, it is difficult to determine in which vascular phase each arterial phase occurred. Therefore it is difficult to apply their results to current methodologies. For this reason, we used visually graded definitions of arterial phase as described in the LI-RADS atlas [17] . In this study, we found that both early and late arterial phases demonstrate higher lesion conspicuity than angiographic or portal venous phases.
Arterial phase capture has been a focus when using gadoxetate disodium because of the smaller bolus size Example of triple-phase MRI acquisition with axial slices through the liver hilum (top row) and axial maximum intensity projection images (bottom row). During the angiographic phase, the arterial system is opacified (phase 1, white arrow), without any opacification of the portal venous system.
During the early arterial phase, the portal vein system begins to opacify (phase 2). During the late arterial phase, the portal vein is fully opacified (phase 3, white arrow). Lastly, during the portal venous phase, the hepatic veins are opacified (portal venous, white arrow).
and the inability to use bolus-timing techniques. Viewsharing techniques have been shown to result in increased capture of early and late arterial phases compared to single-phase techniques using gadoxetate [10] while preserving spatial resolution. In addition, capturing the correct arterial phase respiratory motion is a significant issue, particularly with gadoxetate due to transient dyspnea [18] . View-sharing approaches have a limited ability to prevent respiratory artifact from transient dyspnea because respiratory motion can be propagated across phases within a breath-hold due to the sharing of the periphery of k-space across all phases. The sequential lower resolution acquisition was initially suggested to counteract respiratory motion [9] . Since respiratory motion does not propagate between phases, this approach frequently provides at least one non-motion corrupted phase even if patients breathe during the acquisitions. Our results are consistent with these previous results, showing that there were more arterial phases that were not corrupted by respiratory motion using the sequential technique compared to the conventional single-phase acquisition.
Another approach to improving arterial phase timing is bolus tracking. For bolus tracking, a dynamic series is acquired over the abdominal aorta, and when contrast reaches the abdominal aorta, then patient is instructed to hold their breath and the arterial phase is subsequently acquired [19] . This approach has the benefit of not being effected by left ventricular function that can dramatically change the speed at which a bolus reaches the hepatic vasculature. In our experience we have not used bolustracking techniques and rather used a timing bolus due to issues with motion associated with the fast breath-hold instructions when using bolus tracking. Like bolustracking techniques, the use of a test bolus has also previously been demonstrated to minimize the effect of cardiac function on arterial timing [20] .
One of the limitations of the study is that intra-patient analysis could not be conducted in this retrospective analysis. This would require contrast administration in each patient at two separate occasions [21] . One other limitation is that the prior literature predominantly comes from Eastern Asia where patients develop cirrhosis and HCC from hepatitis B infection. However, our patient population mostly acquired the disease process from hepatitis C and alcoholic cirrhosis. Although we show that early and late arterial phase imaging is equivalent in the conspicuity of HCC, it is impossible to determine if the difference from prior literature is due to technique or patient population. Finally the quantification of noise is difficult at best when using parallel imaging, limiting the accuracy of our CNR calculations [22] .
In conclusion, triple-phase arterial imaging provides more robust arterial phase imaging for arterial hypervascular lesions while providing increased CNR compared to single-phase imaging.
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